We offer a theoretical and experimental study of the single-photon photoionization of Ne III. The high photon flux and the high-resolution capabilities of the Advanced Light Source at the LBNL were employed to measure absolute photoionization cross sections. The resulting spectrum has been benchmarked against high accuracy relativistic Breit-Pauli R-matrix calculations. A large close-coupling wave function expansion which comprises up to 58 fine-structure levels of the residual ion Ne IV of configurations 2s 2 2p 3 , 2s2p 4 , 2p 5 , 2s 2 2p 2 3s, 2s 2 2p 2 3p and 2s 2 2p 2 3d was included. A complete identification of the measured features was achieved by considering seven low-lying levels of Ne III. We found that the photoionization cross-section (σ P I ) exhibits the presence of prominent resonances in the low-energy region near the ionization thresholds that correspond to low-lying levels. These include high-peak narrow resonances with almost zero background introduced by relativistic effects. However, there does not exist a significant contribution to σ P I from relativistic effects at the high-energy interval of the present study.
Introduction
There is a growing interest in advancing the present knowledge about the photoionization (PI) of ions due to the wide range of applications in which the interaction of ions with radiation is of relevance. For example, in plasma science, autoionizing states induced during PI are proposed as a source of thermal electrons [1] . Knowledge of the autoionization energies is critical in the derivation of charge-state distributions in plasmas [2] . This knowledge is of importance in the opacity problem which is paramount in astrophysics [3] . The search for life-propitious regions in the Universe [4] , the study of starformation [5] and the understanding of certain atmospheric environments [6] rely also, at least in part, on the ability to generate atomic models of PI to help unravel the complex problem of identifying atomic species and determining their abundances.
Although, significant progress has been made in understanding PI processes for several elements [7, 8, 9] , neon ions have been the subject of relatively few PI studies, despite the fact that the presence of Ne has been confirmed in planetary nebulae [10] , and that Ne is one of the most abundant elements in the Universe.
In a theoretical approach based on the close-coupling approximation by Pradhan [11, 12] the single-photon PI cross-sections for the ground states of Ne II, Ne III and Ne IV were calculated. Detailed cross-sections for a large number of states of Ne III were calculated using the non-relativistic R-matrix method in the L · S coupling approximation by Butler and Zeippen under the auspices of the Opacity Project (OP) [13] (data sets are available online [14] ).
With the aid of the R-matrix method it has been possible, under the L · S coupling approximation, to construe most of the observed features and cross-section intensities in high-resolution, single-photon PI measurements of Ne II [15] and Ne IV [16] cations.
This work is concerned with the photoionization of L-shell electrons of Ne, however, it is important to point out that studies of the inner shell and near K-edge photoionization of Ne I [17] , Ne II [18] [19] are available. Isoelectronic to Be, Ne VII photoionization have also been provided [20, 21] .
Ne III is isoelectronic to O I, so previous studies on the photoionization of the oxygen atom are relevant to the interpretation of the present data. Angel and Samson [22] (and references therein) identified several autoionizing states leading to O II and measured the relative single-photon PI cross section with the help of a monochromator using radiation from a synchrotron. In a calculation that included core excited states, Nahar [23] obtained the PI cross-section of the isonuclear series O I to O VII using an ab-initio R-matrix method. Flesh and collaborators [24] investigated the laser-induced, singlephoton ionization of excited 1 D 2 state of O I; they found Rydberg series' below the ground state of O II. Tayal [25] calculated the single-photon PI cross section for the ground state O I using an R-matrix method. More recently, relevant parameters for states lying over the ionization limit of Ne III have been studied [26] .
In this paper, we offer high-resolution measurements of the single-photon photoionization of the Ne III cation and an interpretation of the resulting spectra based on ab-initio coupled-channel (CC) Breit-Pauli R-matrix (BPRM) calculations. Energies for resonant structures and possible assignments are also provided.
Theory
We have used the close-coupling approximation in which the atomic system is represented by (N+1) electrons. N is the number of core electrons in the residual ion interacting with the (N+1) th electron. The (N+1) th electronintroduces a set of coupled equations that are solved using the R-matrix approach. The details of the R-matrix method in the CC approximation can be found in e.g., [27, 28, 29, 30, 31] . Relativistic effects are included via the Breit-Pauli approximation wherein the Hamiltonian is given by
in units of Rydberg. The Darwin relativistic terms and mass corrections are
) and
The R-matrix Breit-Pauli (BPRM) approximation also includes partial two-body interaction terms, such as the ones without momentum operators [27] . In this approximation, the set of SLπ is re-coupled for the Jπ levels of the (e − + ion) system which is then followed by diagonalization of the Hamiltonian.
The solution of the BPRM approximation is a continuum wave function, Ψ F , for an electron with positive energies (E > 0), or a bound state, Ψ B , with a negative total energy (E ≤ 0). The complex resonant structures seen in the photoionization (PI) spectra are produced from channel couplings between continuum channels that are open (k 2 i > 0), and ones that are closed (k 2 i < 0), at electron energies k 2 i corresponding to autoionizing states of the Rydberg series, S i L i J i π i νℓ. ν is the effective quantum number of the series converging to excited core thresholds.
The PI cross section (σ P I ) is given by
where g i is the statistical weight of the bound state, ω is the incident photon energy and S is the generalized line strength
Ψ i and Ψ f are the initial and final state wave functions, and D L is the dipole operator in length form.
Computation
The computations for the PI cross-sections were carried out using the BPRM package of codes [31, 32, 33] . The computation process consists of a number of stages. The first stage, STG1, is initiated with the wave function of the core ion as the initial input. The core ion wave function was obtained from atomic structure calculations using code SUPERSTRUCTURE (SS) [34, 35] which uses the Thomas-Fermi-Dirac-Amaldi potential and includes relativistic contributions from the Breit-Pauli approximation. Table 1 presents the 58 levels (the ground and 57 excited fine-structure levels) of Ne 3+ included in the wave function expansion of Ne 2+ obtained from the optimization of 17 configurations of the core ion. The table compares the calculated energies from SS with the observed values available in the compilation of the NIST [36] , and shows a good agreement between the two.
The wave function included the set of 0 ≤ ℓ ≤ 11 partial waves for the interacting electron and 14 continuum functions for the R-matrix basis sets. The R-matrix boundary was chosen to be large enough (10 a o ) to accommodate the bound orbitals. The second term of the wave function, which represents the bound state correlation functions, included 95 (N+1)-particle configurations with orbital occupancies from a minimum to a maximum number (given within the parentheses) of the orbitals 1s(2-2), 2s(0-2), 2p(0-6), 3s(0-2), 3p(0-2), 3d(0-2), 4s(0-1), 4p(0-1).
PI cross sections are obtained considering radiation damping for all bound levels using the BPRM R-matrix codes [31, 32, 33] . The narrow PI resonances were delineated at a very fine energy mesh.
Experiment
The experimental setup used was located at the Advanced Light Source synchrotron at the Lawrence Berkeley National Laboratory (LBNL) and has been extensively described in previous publications. Here we offer a description which is intended to be sufficient to understand the details of this particular study. For more general aspects of the experimental method we refer the interested reader to publications by Covington et al. [15] and by Müller and collaborators [37] and also [38] .
The experimental technique consisted in overlapping an ion beam and a photon beam. The ion beam was generated with an electron cyclotron resonance (ECR) ion source. For the photon beam, we used an end-line station of the synchrotron facility. The experiment was designed to measure photoionization cross sections. In this study, we report on the cross-section of the following reaction,
in which the resulting Ne 3+ (Ne IV) ions, or photo-ions, were counted as a function of the photon energy and relevant parameters of the ion beam and the photon beam together with the spatial overlap of the two beams monitored.
To produce the ion beam of Ne 2+ (Ne III), a mixture of Ne and Ar gases was injected into the all-permanent magnets ECR ion source. A 60
• -sector analyzing magnet was subsequently used to select the Ne 2+ cations which had a kinetic energy of 12 keV. With the help of an electrostatic Einzel lens, together with two sets of steering plates and a set of slits, the ion beam was focused and collimated. Subsequently, an electrostatic 90
• sphericalsector analyzer was used to merge the ion beam with the counter-propagating photon beam.
The key section of this experiment was a voltage-biased metal-mesh cylinder where the Ne 3+ -photoions produced inside coupled with a different electrostatic potential than the potential experienced by ions produced outside. This metal-mesh cylinder section is defined as the interaction region (IR). The photoions generated inside this IR were separated from those produced outside the IR via a 45
• dipole analyzing magnet located downstream (as measured by the direction of ion beam travel) from the IR.
To produce the photon beam, the end line of the synchrotron was equipped with an undulator located inside the ring. The period of the undulator was 10 cm. The synchrotron was operated at 1.9 GeV under a constant electron current of 500 mA. The photon beam was directed onto a spherical grating with controls to scan the photon beam energy and to select the energy resolution. The resulting photon beam had a spatial width less than 1.5 mm, a maximum divergence of 0.06
• and an energy resolution of 8.2 meV. This resolution was estimated from the widths of the resulting resonant peaks in the spectra.
To calibrate the photon energy, an ionization gas-cell was implemented on a side branch of the photon beam line. In this cell, He or Kr gases were irradiated in the approximate energy range of 18.6 eV to 92.4 eV. For reference values, we used the data by King et al. [39] and Domke and collaborators [40] . The Doppler shift associated with the counter-propagating beams was also taken into consideration. An energy uncertainty of ±10 meV was estimated as a result of this particular energy calibration procedure.
In the experiment, the resulting Ne 3+ photoions were counted as a function of the photon energy. This procedure resulted in an energy spectrum of the relative intensity of the Ne 3+ signal that was later normalized to absolute cross-section measurements.
To measure the absolute cross-section, exact knowledge of the interaction region dimensions and of the overlap of the two beams was required. To this end, two-dimensional beam profiles of the ion beam I + (x, y) and the photon beam I γ (x, y) were measured. Three beam profilers were used to sample the form factor F (z) according to
where z is the reference axis assigned to the propagation direction of the ion beam. F (z) was measured at three positions; at the entrance, in the center, and at the exit of the IR. These three values, F i (z), were used to derive F (z) by interpolation along the total IR length and derive, by integration over z, the spatial overlap of the photon and ion beams along the common IR path [15] . The single-photon photoionization cross-section, σ, for Ne 2+ was computed from
where R is the photoion count rate, q = 2 is the charge state of Ne 2+ , e = 1.6 × 10 −19 C, v i is the ion beam velocity in cm · s −1 , ǫ is the responsivity of the photo-diode (electrons per photon), I
+ is the ion beam current (A), and I γ is the photo-diode current (A). The Ne 2+ ion beam was measured in an extended Faraday cup. The resulting Ne 3+ photoions were counted on a single-channel detector located aft of the dipole analyzing magnet whose magnetic field intensity was adjusted so that only photoions generated inside the IR were collected. A background subtraction of the Ne 3+ signal was performed by cutting the photon beam with a chopper wheel. In this manner,Ne 3+ ions produced by collisions with residual gas were eliminated.
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The most important sources of systematic error in σ in Eq. 8 came from the beams-overlap integral, the beams profile measurements, and the photodiode responsivity function. Other contributions to the total systematic error are listed in Covington et al. [15] . All sources of systematic error combine to a total uncertainty of 20%.
The energy spectrum of the relative intensity of Ne 3+ was normalized to absolute cross-section measurements that were performed at specific energy values of the spectrum at which no resonant peaks were found. A normalization function was derived for these energy values by taking the ratio of the cross-section to the relative intensity spectrum.
The spectra shown in Fig. 1 and Fig. 2 were measured at 5 to 10 eV-wide photon energy intervals. Each interval overlapped its neighboring interval by 1.0 eV. All the individual parts of the spectra were later combined by matching peaks between adjacent intervals. An estimation of the maximum possible photon energy uncertainty caused by this procedure was ±8 meV. Therefore, the overall energy uncertainty propagated by both the gas-cell energy calibration and the data reduction procedure is ±13 meV.
Results
The measured cross-section is shown in Figs. 1 and 2 . Results of the calculations for the single-photon PI cross-section of Ne III are presented in Figs. 3, 4 and 5.
The spectrum consists of several resonant peaks superimposed on a somewhat tenuous background. Most of the resonant peaks are attributed to Rydberg series whose energies are given by
where E n are the resonant energies, E ∞ is the energy limit, z is the charge state of ion core (in this case 3), R = 13.606 eV, n is the principal quantum number and δ is the quantum defect. The energy limits E ∞ in the spectra of Figs. 1 and 2 and in Tables  2, 3 , 4 and 5 are computed from the ionization energy of the ground state (indicated by IE in Fig. 1 ), minus the excitation energy of the initial Ne 2+ state, plus the excitation energy of the final Ne 3+ state. Using this derivation for E ∞ , series were identified. As reference values for the ionization energies, excitation energies and term splittings, we used tabulated NIST values [36] .
In Figs. 1 and 2 , resonant energies E n are indicated by vertical lines grouped by an inclined or horizontal line according to the series to which they are assigned. Roman numbers are used to identify the series in the figures and in tables 2, 3, 4 and 5. In each of the series in Figs. 1 and 2 , the last vertical line of the group corresponds to the series limit E ∞ .
Below the ionization energy, one small series was identified as originating from the excited state Ne 2+ , (2s 2 2p 4 ) 1 S 0 . This series is labelled by I in Fig. 1 • 1/2,3/2 . The energy split of these doublets is 6 meV and 1 meV respectively and could not be resolved by the experiment. The only resonance that seems "doubled-peaked" is the first and largest structure of the spectrum and may be attributed to the 2 D 5/2,3/2 splitting. Auto-ionizing states of Ne 2+ that may converge to these final states of Ne 3+ are 2s Fig. 1 
. We offer possible assignments to the series labeled by IV, V and VI of Fig. 1 [42] . In the energy range of approximately 68 to 71 eV of Fig. 1 , three Rydberg series labelled by VII have been identified. The first discernible peak of these series corresponds to n = 7. The series can be clearly followed up to n = 15. The largest and clearer series corresponds to the ground state Ne Table 5 , Gaussian-fit centers for this series are presented.
In Fig. 2 Table 1 ). Hence, mixing of resonances belonging to different states is minimal and represents represents one main reason for their accurate identification.
The matching of resonances between the measurement and the theory is found to be excellent for Ne III (Figs. 3, 4, 5 ). Some differences are expected, particularly in the peaks of the resonances. The peak of the measured resonance may depend on: (i) the interference of the autoionizing series of resonances, (ii) the relative populations of the ground and excited levels, and (iii) changes in the physical conditions, such as the density and temperature of the experimental ion beam. While condition (iii) has been neglected, the precise values of population of the levels remain undetermined. However, the agreement between the measurement and theory (Figs. 3, 4, 5) determines the existence of levels of 2s 2 2p 4 (
, and 2s2p
the ion beam and most probably to the statistical distribution.
Comparison with experiment
Detailed comparisons between the measured and predicted spectrum of σ P I is presented in Figs. 3, 4 and 5. A remarkable aspect of this experiment, apart from its high resolution, is the close match of the measured spectrum against theory. Resonances appear clearly and allow direct assignments to the theoretically predicted resonances. This makes the manipulation of data through convolution redundant.
The measured spectrum has features, integrated from eight low-lying levels, five from the ground configuration 2s (Fig. 3) and four from the next excited configuration 2s2p (Fig. 4) . A number of these levels yield similar features at about the same photon energies. To illustrate the combined features appearing in the observed PI spectrum, the spectrum is divided into three plots: Figs. 3, 4 and 5. Most of the prominent resonant structures in the observed spectrum have been marked by arrows in all panels presenting cross-sections of the nine levels in order to properly identify the relevant structures. Fig. 3a compares the observed spectrum with calculated spectra originating from the three levels 3 P 2 and 3 P 1,0 of the ground state 3 P . Most of the structures below 68 eV in the observed spectrum are due to Rydberg series of resonances belonging to 2s
• (lying about 5 eV above the ionization threshold). Comparison with theory shows that most of the observed features come from these three levels. The experimental parameters were set largely in an effort to observe these features. In the lower-energy region, the observed features up to a photon energy of about 71 eV match with those of the ground state beyond which (up to 75 eV) some features are missing. Features in the middle-energy region of about 76 to 86 eV are identified in the predicted cross-sections of the ground state. However, the higher-energy region features in the energy range of 87 to 91 eV (except the one at 90 eV), are also missing. Fig. 4 shows the comparison of the observed spectrum with the calculated spectra originating from the other two terms 1 D 2 and 1 S 0 of the ground configuration. While resonances similar to those of the state 3 P appear for the 1 D 2 level (and partially for the 1 S 0 level), and thus contribute to the combined spectrum, missing features in the energy region of 71 to 75 eV of σ P I can now be seen in the levels 1 D 2 and 1 S 0 . Those in the energy region of 71 to 73 eV originate from the σ P I of 1 D 2 and the one at 74.3 eV originates from the σ P I of 1 S 0 . They are, however, slightly shifted to the left by the configuration interaction in the theoretical calculations. The missing structures in the high-energy region of 87 to 91 eV also appear in the σ P I for 1 D 2 and 1 S 0 . Fig. 5 compares the observed spectrum with the calculated spectra originating from the four excited levels, 2s2p
, all of which are higherlying levels compared to those of the ground configuration. Nonetheless they still contribute to the observed spectrum, particularly around the energy interval of 64 to 67 eV. The term 1 P
• 1 contributes significantly to the background in the region 68 to 72.5 eV of the observed spectrum.
Conclusions
In this study, the single-photon photoionization cross-section of Ne III leading to Ne IV has been measured in the energy range from below the ground state ionization energy up to 92 eV. The experimental results have been compared with predictions calculated via the relativistic R-matrix BreitPauli (BPRM) approximation The photon energy resolution of the experiment was 8.2 meV. For the theoretical calculations, a close-coupling wave function expansion including 58 fine-structure levels of the residual ion Ne IV was included.
The spectrum exhibits several peaks, most of which are due to Rydberg series resonances. Identifications and energies for most of these resonances are given. It was possible to identify features originating from lower-lying states of Ne III (of the electronic configuration (2s 2 2p 4 ), terms 3 P 210 , 1 D 2 , and 1 S 0 ), and also from the (2s2p 5 ) term 3 P
• 210 . In the theoretical calculations, the next excited state of Ne III, (2s2p 5 ) term 1 P
• 1 , was also included, and some peaks associated with this state were clearly identified. As for the core final states identified in the experiment, it was possible to realize all of the first five lower-lying terms of Ne 3+ . The present study also found negligible contributions from relativistic effects at the high-energy range of the study.
We hope the present study serves as a benchmark for future photoionization applications and theoretical studies of neon ions and oxygen isoelectronic ions.
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